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Abstract
Background: In the annulus, collagen fibers that make up the lamellae have a wavy, planar crimped
pattern. This crimping plays a role in disc biomechanical function by allowing collagen fibers to
stretch during compression. The relationship between morphologic changes in the aging/
degenerating disc and collagen crimping have not been explored.
Methods: Ultrastructural studies were performed on annulus tissue from 29 control (normal)
donors (aged newborn to 79 years) and surgical specimens from 49 patients (aged 16 to 77 years).
Light microscopy and specialized image analysis to visualize crimping was performed on additional
control and surgical specimens. Human intervertebral disc tissue from the annulus was obtained in
a prospective morphologic study of the annulus. Studies were approved by the authors' Human
Subjects Institutional Review Board.
Results: Three types of morphologic changes were found to alter the crimping morphology of
collagen: 1) encircling layers of unusual matrix disrupted the lamellar collagen architecture; 2)
collagen fibers were reduced in amount, and 3) collagen was absent in regions with focal matrix
loss.
Conclusions: Although proteoglycan loss is well recognized as playing a role in the decreased
shock absorber function of the aging/degenerating disc, collagen changes have received little
attention. This study suggests that important stretch responses of collagen made possible by
collagen crimping may be markedly altered by morphologic changes during aging/degeneration and
may contribute to the early tissue changes involved in annular tears.
Background
Collagen in the intervertebral disc, tendons, ligaments,
heart valve leaflets, intestine and cornea displays a wavy
collagen pattern termed "crimping". This crimp morphol-
ogy contributes an important component to the mechan-
ical responsiveness of these tissues [1–4]. When these
tissues experience loading, the collagen crimp architecture
is gradually straightened; this makes possible the slight
elongation of collagen at the loaded site.
The biomechanical behavior of the disc is closely linked to
this specialized crimp morphology (Figure 1) [2,3]. The
collagen fibers which form the annulus possess the same
planar crimped geometry as is seen in the tendon. In the
disc, however, crimp parameters vary according to the ra-
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dial distance through the annulus. The lamellar structure
of the annulus consists of continuous layers of collagen
fibers that encircle the nucleus pulposus. In successive la-
mellar layers, the fiber orientation changes with respect to
the spinal column axis. From the outer annulus inward,
the interlamellar angle decreases linearly. Within each la-
mellar bundle, the collagen fibers are aligned in parallel
arrays, and the fibers display a planar crimped waveform
with all fibers in register. A gradient of crimp angle also is
present in the disc, with crimp angle increasing and the
crimp period decreasing from the periphery of the disc in-
ward.
This complex and sophisticated architectural organization
of lamellar disc structure serves to meet the unique biome-
chanical needs of the healthy disc. Although it is an im-
portant aspect of disc structure and function, this topic,
which addresses the interface of microscopic anatomy and
biomechanical function, has not been studied with specif-
ic reference to changes in the disc architecture during ag-
ing and degeneration. In the present report we suggest that
the important stretch response of collagen made possible
by collagen crimping is altered by morphologic changes
in disc architecture during aging and degeneration. This
alteration in the crimping behavior of collagen may thus
contribute to the underlying tissue changes which culmi-
nate in fissures and annual tears in the degenerating disc.
Methods
Control (normal) donor disc specimens were obtained
from disc surgeries and the NCI Cooperative Human Tis-
sue Network (CHTN). Studies were approved by the hu-
man subjects Institutional Review Board. Disc tissue
studied here was from the annulus. Patient specimens
were obtained from surgical procedures performed on in-
dividuals with herniated discs. Electron microscopy was
used in the study of a total of 78 subjects (29 were from
control donors [aged newborn to 79 years], and 49 were
from surgical specimens from patients [aged 16 to 77
years] undergoing disc surgery). Light microscopic studies
utilized the annulus from 40 control donors and 53 surgi-
cal specimens. The majority of the specimens studied here
were from anterior sites of lumbar discs.
Surgical specimens were transported to the lab within 30
minutes of surgical removal in sterile modified minimal
essential medium with Earle's salts (MEM, Gibco, Grand
Island, NY) with 1% (v/v) L-glutamine (Irvine Scientific,
Santa Ana, CA), 1% (v/v) nonessential amino acids (Ir-
vine Scientific), and 1% (v/v) penicillin-streptomycin (Ir-
vine Scientific). CHTN specimens were shipped overnight
in sterile MEM. Upon receipt into the lab, specimens from
control donors were carefully dissected to obtain speci-
mens from the outer annulus, inner annulus and nucleus.
For electron microscopy, specimens were minced and
fixed in Karnovsky's fixative, post-fixed with osmium
tetroxide supplemented with 0.1% ruthenium red to en-
hance proteoglycan visualization in the extracellular ma-
trix [5,6], embedded in Spurr resin, thin sectioned and
grid stained with uranyl acetate and lead citrate. In order
to obtain representative specimens to examine with elec-
tron microscopy, 4–6 blocks of tissue were trimmed,
thick-sectioned and examined with light microscopy and
1–2 blocks (in which the plane of sectioning was parallel
to the long axis of the collagen fibrils) selected for thin
sectioning. Sections were viewed on a Phillips CM10
transmission electron microscope.
For light microscopy, specimens were fixed in 10% neu-
tral buffered formalin, embedded in paraffin or glycol
methacrylate, and stained with picrosirius red-alcian blue,
Masson trichrome, or Goldner's stain. Three-dimensional
intensity graphical presentation were obtained using Bio-
Scan® OPTIMAS™ (BioScan, Edmonds, WA). Morphologic
images were captured with a CoolCam 2000 video system
and frame grabber (Cool Camera Company, Decatur, GA)
and prints were prepared with a Sony Mavigraph color
video printer (Sony Electronics, San Jose, CA).
Results
Opportune sectioning planes through the annulus reveal
collagen crimping at both the ultrastructural and light mi-
Figure 1
Diagrammatic illustration of the organization of the interver-
tebral disc with attention to lamellar structure in the annulus
and crimping in the collagen fibers. (Reproduced with per-
mission [3].BMC Musculoskeletal Disorders 2002, 3 http://www.biomedcentral.com/1471-2474/3/9
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croscopic level. Figure 2A illustrates the normal annular
morphology of a healthy young intervertebral disc. Disc
cells are flattened and lie in a modest lacunar space within
collagen lamellar bundles. Prominent wavy expanses of
collagen (collagen crimping) are present. Aging and de-
generating disc matrix, however, shows striking altera-
tions in tissue architecture. Changes include the presence
of layers of unusual extracellular matrix encircling disc
cells and interterritorial matrix alterations which extend
into the surrounding lamellar structure (Figure 2B). In
these regions collagen fibers are fewer in number and fib-
ers are separated from each other reducing collagen
crimping areas. Sites of more advanced degeneration can
contain areas where there is prominent focal loss of matrix
(Figure 2C). Only sparse regions of collagen remain in
such sites.
At the ultrastructural level, wavy collagen bands character-
ize regions of good matrix (Figure 3A). In more degener-
ated areas, collagen fiber number is much less (Figure 3B).
When viewed with polarizing light microscopy, regions of
the disc with collagen crimping stand out prominently,
and visualization of crimping patterns can be enhanced
by application of specialized image analysis techniques
which provide a graphical representation of image inten-
sities (Figure 4). In regions of good disc morphology, col-
lagen crimping patterns produce image intensity graphs
where crimp patterns show clear peaks and valleys in reg-
ister (Figure 4A and 4B). In areas where degenerative
changes in the matrix are prominent, however, collagen
crimping is markedly disrupted (Figure 4D). Note that the
area examined in Figure 4D shows some crimp morphol-
ogy (arrows), thus confirming that the plane of sectioning
was appropriate for the detection of collagen crimping.
Figure 4C shows that rare collagen bundles in register with
each other are still present in this area, thus verifying that
the tissue section plane was appropriate for detection of
collagen crimping.
Discussion
In order for the disc to successfully withstand mechanical
forces, its matrix must have the appropriate structural fea-
tures, and this matrix must be maintained by appropriate
turnover of its molecules. Previous studies from our labo-
ratory have identified similar matrix changes during disc
aging and degeneration in disc tissue from both control
subjects and patients undergoing disc surgery [7,8]. Ob-
servations presented here focus upon secondary collagen
changes involving crimping morphology which nonethe-
less have important consequences for tissue biomechani-
cal function.
During aging and degeneration of the intervertebral disc,
disruption of annular fibers during stress can result in fis-
Figure 2
Figs. 2A and 2B: Photomicrographs of light microscopic fea-
tures of the annulus in a disc from a three month old infant
(A) and a control disc from a 68 year old female (B and C).
Arrows in A mark regions of prominent collagen crimping. In
B note the presence of abnormal matrix encircling disc cells
and decreased matrix in intraterritorial regions. In Fig. 2C a
region of prominent focal loss of matrix is present near
encapsulated cells. (A, glycol methacrylate embedment,
Goldner's stain; B and C, paraffin with Masson-trichrome; X
980).BMC Musculoskeletal Disorders 2002, 3 http://www.biomedcentral.com/1471-2474/3/9
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sures which may extend out to the disc margin [9]. Such
radial tears may be a source of the nonspecific early spinal
symptoms in disc degeneration [9]. Although the impor-
tance of annular tears has long been recognized, the basis
for these tears at the architectural level has not been inves-
tigated.
In the present work, study of a collection of disc speci-
mens from control and surgical patients has shown that
the architectural features of collagen crimping in the an-
nulus can be disrupted in three fashions. First, a common
morphologic change during disc aging/degeneration is
the accumulation of wide layers of unusual matrix which
encircle disc cells and clusters of disc cells [7,8]. These re-
gions disrupt normal collagen fibrillar layers and thus re-
duce the functional stretch afforded by collagen crimping
in regions of normal collagen. Secondly, in areas where
the matrix has become sparse, only a few collagen fibers
are present. Such regions would have diminished capabil-
ity of affording appropriate stretch function to resist tear-
ing under compression. Finally, marked extracellular
matrix loss in focal areas altered normal lamellar collagen
architecture. The presence of similar types of changes in
both control and surgical disc tissue is not surprising in
light of previous studies by Boden et al [10,11] in which
degenerative changes were identified with MRI in lumbar
and cervical discs of older asymptomatic subjects.
In other ultrastructural studies of disc tissue, we have re-
ported considerable variation in cross-sectional diameters
of collagen fibrils in both territorial and inter-territorial
extracellular matrix [8]. Cross-sectional diameter variabil-
ity was present in 34% of control and 59% of surgical
specimens which were examined. Such variations may
also have a possible effect on the ability of the disc to re-
spond to biomechanical stress.
A limitation of the present study is the qualitative nature
of our study. Future studies would be greatly strengthened
by quantitative analysis of variations of crimping perio-
dicity in both surgical specimens and in representative
sections of complete discs. Such quantitative studies are
important since histologic/ultrastructural examination
only focuses upon a small portion of tissue. Additional
important information lacking from our study is determi-
nation of the extent to which the changes described here
actually alter the biomechanical properties of the disc. We
hope that our small study here will lead to more complete
studies of this important topic since there is much to be
learned about how disc degeneration relates to increased
risk of herniation and pain.
Little is understood about collagen turnover in either the
healthy or diseased intervertebral disc. Studies by Antoni-
ou et al have pointed out that it is very difficult to distin-
guish between synthesis of new matrix, degradation
products, and resident matrix collagen [12]. It has been
suggested that the turnover in the disc may be in excess of
100 years [9]. Newer methods used by Antoniou et al re-
veal that synthesis of Type I and II collagen and of aggre-
can all decrease from age 2 to 15, but Type I collagen
appears to decline more rapidly and to plateau during
ages 15–40 years, whereas Type II collagen and aggrecan
continue to decline during this period [12]. At older ages
(60–80 years), there is increased denaturation of Type II
collagen and a small increase in the synthesis of Type I
procollagen. The maintenance of appropriate matrix com-
position in the disc is complicated by a marked decline in
the number of disc cells with aging and an increase in cel-
lular death by apoptosis [7].
Conclusions
In summary, use of our large disc tissue collection was an
advantage in the present study since it provided examina-
Figure 3
Electron micrographs showing regions of collagen fibers in a
wavy pattern in a region of annulus (Fig. 3A) which contrasts
with sparser collagen in a region with more prominent
matrix loss (Fig. 3B). (Surgical specimen from a 35 year old
female. (Fig. 3A, X 5,900; Fig. 3B, X 13, 940).BMC Musculoskeletal Disorders 2002, 3 http://www.biomedcentral.com/1471-2474/3/9
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tion of numerous disc specimens sampled through vari-
ous planes of sectioning. Application of image intensity
graphs provided objective tracings of collagen patterns.
Although proteoglycan loss has long been acknowledged
to be an important part of disc aging and degeneration,
the work presented here suggests that important stretch re-
sponses of collagen made possible by collagen crimping
may be markedly altered by morphologic changes in disc
architecture during aging/degeneration; such changes
may contribute to the early tissue changes involved in an-
nular tears. This work points to the need to more fully un-
derstand the dynamic relationship between degenerative
changes in disc architecture at the microscopic level and
resultant alterations in biomechanical function.
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Figure 4
Photomicrographs of disc tissue from the annulus in a region of healthy matrix (Fig. 4B, surgical specimen from a 46 year old
female) and from a region with marked matrix changes (Fig. 4D, surgical specimen from a 54 year old male). In Figures 4A and
4C, collagen crimping patterns throughout the same microscopic fields shown in Figs. 4B and 4D are converted to graphic
images with three-dimensional intensity images using BioScan® OPTIMAS™ using the following settings for both images: rota-
tion: x, 25.000; y, 1.000; sampling, x: 45, y:45, and viewpoint Z: 3000.0 . White arrows in Fig. 4D mark small regions showing
collagen crimping, but degenerative changes in the tissue disrupt crimping in the adjacent regions. (Figs. 4B and 4D, polarized
light, picrosirius red/alcian blue, X 102).BMC Musculoskeletal Disorders 2002, 3 http://www.biomedcentral.com/1471-2474/3/9
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